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Tandem-Slit Diffraction Measurements 

by 

L.  R.  Alldredge 

Cruft Laboratory, Harvard University 

Cambridge, Massachusetts 

Abstract 

The diffraction of a plane electromagnetic wave by two identical slits in 
tandem has been investigated experimentally for normal incidence with the 
polarization parallel to the edges of the slits. 

The slits are assumed to be infinitely long, which condition is approxi- 
mated experimentally by use of a parallel plate system described earlier by 
R.  V. Row.    Measurements have been made for tandem separations of the 
slits from 0 to nearly 2 wavelengths and for slit widths irom C to  1.4 wave- 
lengths . 

For a tandem-slit separation of zero, which corresponds to a single slit, 
the results for the transmission coefficient are in good agreement with the 
threore* cal results of P.  M.  Morse and P.  J. Rubenstein.    The results show 
interesting resonance phenomena as the tandem slit-separation is changed. 

I. 

Introduction 

Microwave techniques have permitted the experimental examination of 

many scattering and diffraction problems during the past several years.    The 

effect of finite thickness in the diffracting edge of the Sommerfeld problem, 

which introduces uncertainties when optical frequencies are used, has been 

studied in detail using these techniques.       Many measurements of the scatter- 

ing from objects and apertures having dimensions comparable to a wavelength 

have now been made which were not possible with optical techniques. 

Most of the microwave diffraction problems that have been worked out 

have been concerned with diffracting objects of simple shapes confined to a 

plane with no interaction between objects.    As these immediate problems 
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have been solved, experimenters have turned to more complicated diffracting 

structures such as two cylinders closely spaced so that interaction is impor- 
2 3 tant,    and pairs of parallel wire grids.      The transmission of a plane electro- 

magnetic wave through two identical tandem sifts falls in this category and is 

the subject of this report.    Only the case where the incident wave is polarized 

parallel to the slit edges is discussed. 

The parameters of the investigation are ihe slit width   (same for both 

slits)  and tandem separation.    Resonance phenomena which occur in the 

transmission characteristics as these parameters are varied might be of 

possible value in the design of components.    This problem may prove to be 

very difficult to analyze mathematically, but    at least   one check on the 

experimental procedure is available for the case of zero tandem separation 
4 

(single slit problem   ). 

II. 

Experimental Apparatus 

General Description 

A parallel-plate region utilizing two image planes has been shown to be 

very useful in the investigation of two dimensional diffraction problems such 

as the one being studied in this paper.    The parallel-plate system built by 

R.  V.  Row    was available in Cruft Laboratory for use on this problem.    Since 

the detailed description of the system is available in the above reference only 

a very brief account of it will be given here .    Modifications which were neces - 

sary for this particular problem will be described in greater detail. 

A general view of the equipment is shown in Fig.   1 with the parallel plates 

open.    With the plates closed a region is formed which is bounded on the top 

and bottom by plates of aluminum 4 feet by 8 feet      These plates are separated 

vertically by a distance less than one-half wavelength so that only the TEM 

mode can propagate if all source currents are in the vertical direction. 

Calculations for a vertical  spacing of 0,50 inch indicate that the next 

higher  mode   is attenuated by a factor of about  120 in a distance of cue wave- 

length for an excitation wavelength of  3. 182 cm. 
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The vertical spacing is maintained constant by means ol 0.50 inch thick 

wooden wedges around the edge.    These wedges are 0.50 x 0.50 inch at the 

base.    The points of the wedges extend 5 inches into the parallel -plate region. 

The wedges are coated with a heavy layer of colloidal carbon  (Aquadag), and 

serve to reduce reflections of a wave approaching the boundary so that the 

residual voltage-standing-wave ratio is less than  1   05 . 

The parallel-plate region should ideally be excited by an extended source 

at one end which would produce a plane wave   in the plane of the diffracting 

object.    A suitable way to do this has not yet been found   and it  has been 

necessary to excite the system by an open-ended waveguide.    This gives, in 

effect, a line excitation and a corresponding cylindrical wave so that correc- 

tions must be made in the resulting data or the diffracting objects and the 

measurements must be restricted to a small region in which a plane wave 

approximation is accurate. 

The desired   fields are measured by using a small vertical probe 

(antenna)  which is insulated from and extends up through the bottom plate. 

The signal from this proLe excites a waveguide and this signal can then be 

used in various standard ways for the determination of phase and amplitude 

of the original signal. 

If the probe is to be used as a traveling probe . a means must be provided 

so that no discontinuities are left in the lower plate when the probe is moved 

about. 

It should be clear from the above description that the over-all result of 

the parallel-plate system is to reduce a problem that is is essentially infinite 

in the vertical direction and identical in every horizontal plane and infinite in 

each horizontal plane to one completely contained within the volume between 

the parallel plates.    This is accomplished by multiple reflections which occur 

in the two conducting plates.    For example     A thin vertical conducting sheet 

reaching from one side of the system to the ether and connecting the top plate 

to the bottom will appear as an infinite plane,    a narrow vertical slit which 

runs all the way from the top plate to the bottom plate in this thin conducting 

sheet will appear as an infinite vertical  slit in an infinite plane. 
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Tandem Slits 

The construction of tandem slits to be used in the parallel-plate region 

presented several difficult problems,   the diffracting edges forming the slits 

shouldbe very thin compared to a wavelength   should make good contact with 

the top and bottom plates    and should be quickly and accurately adjustable in 

tandem separation and slit width.    The requirements appear to  be mutually 

exclusive, and it is true that compromises must be made in all of them.    The 

final solution left the leading edge of the slits very thin but used a thicker 

construction back from the edges to facilitate the mechanical adjustment of 

slit width and tandem separation. 

Figure 2 shows the constriction of the edges forming the slits and how 

they are adjusted when assembled.    The true leading edges which form the 

slit itself are made of 0.003 inch thick silver foil      A tapered section of 

heavier  stock starts   1 inch back from the leading edge of the slit, and is in- 

sulated from the foil. 

Measurements were made to determine how close the tapered section 

could be brought to the edge of the diffracting edge.    This was done by com- 

paring the diffraction pattern of the thin edge by itself with that obtained with 

the tapered section in the vicinity of the edge.    Large effects were noted when 

the tapered section was very close to the edge but the effects were negligible 

when the tapered section was placed  1 inch back from the edge as indicated in 

Fig.   2(a).    The foil was insulated from the larger piece merely to avoid a 

variable contact.    It was felt that no contact at all could be made more sure 

than to hope for good contact all the way along. 

The heavier piece of tapered stock has a thin rubber strip glued to both 

the top and bottom areas.    The silver foil is wider than the required U.5U 

inch, leaving sections which are bent over toward the rubber-covered piece 

of tapered stock.    These sections form the lips indicated by D and E in Fig. 

2(a).    When the parallel plates are closed, the lips bear against the plates all 

the way out to the diffracting edges.    The rubber covering on the heavier piece 

of tapered stock gives some flexibility and permits the top and bottom to con- 

form to small irregularities in the plates, thereby improving the contact. 

The underside of the heavier piece of tapered stock contains a groove 

which fits over two pins in the bottom parallel plate so as to maintain the 
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tandem separation constant when the slit width is varied.    The four pins 

marked "A" in Fig.    2(b) are rigidly fixed in the bottom parallel plate so the 

distance of the leading slit is maintained at a fixed distance from the source 

of energy.    The four pins marked "B" in Fig.  2(b) are attached to circular 

plates which  rotate   in the bottom parallel plate.    By adjusting the rotation 

2 ugles of these four   circular plates, the tandem separation, a. can be con- 

trolled.    The far ends of the slit system are tied together in such a way that 

the slit widths of the two slits are always equal.    A mechanism underneath 

the parallel-plate system, which reaches out. and up to the far ends of the 

slit system   permits accurate control of and quick adjustment of the slit 

width by the operator. 

Figure  3 is a photograph of one of the diffracting edges used to form the 

slits.    Figure 4 shows the tandem slits in position on the bottom plate of the 

parallel-plate system.    In this photograph,   the top plate is in the open posi- 

tion,    in this position major adjustments can be made in the diffracting 

region.    In Fig.   5 the same space is shown as in the previous photograph 

except now the diffracting edges which form the slits are removed and the 

positioning posts are visible.    In this photograph the circular plates carrying 

positioning posts "B" and the circular plates carrying probe no.   2   described 

later   have been loosened so as to be seen more easily. 

Probe Traverse Mechanisms 

A straight dipole antenna  (diameter 0.013 inch)  is used to explore the 

vertical electric field E.    The probe antenna goes through a very small insu- 

lating bushing in the lower parallel plate and protrudes into the pai   Mel- 

plate  region.    The probe is an extension of the inner conductor of a coaxial 

line    which, in turn, feeds into a standard   (lxl/2 inch)   X-band guide.    The 

depth of penetration of the probe into the parallel-plate region is continuously 

variable from zero to approximately 0. J inch.    The whole probe assembly may 

be tuned for maximum receiving sensitivity by means of a movable shorting 

plunger on the coaxial line and a movable short circuit in the  several  standard 

ways to measure the amplitude and the phase with respect to a reference signal 

Two probes as described above are used.    The first one   which was 

available when this problem was started      is attached to a narrow sliding panel 
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which forms a part of the lower parallel plate.    This narrow plate extends 

completely across the lower plate and beyond.    The probe is made to move 

along a line across the narrow dimension of the parallel-plate region by 

operating a rack and pinion traverse mechanism.    This probe can be seen 

in Fig.  4, where it is marked "probe no.   I."   The line of motion is parallel 

to the diffracting objects forming the slitB and is 25 cm from the slit near- 

est the source.    If close-in "near field" measurements are desired   the slits 

are moved closer to probe no.   1.    To do this, makeshift slits are used with- 

out benefit of the positioning posts. 

Probe no.   2, also seen in Fig    4, is mounted near the edge of a small 

circular plate   (radius   3.5  inches)  which is. in turn   mounted off  center in a 

larger circular plate   (radius 7.0 inches) .     The probe can be put any place in 

a circle  12 inches in diameter by proper adjustment of the rotational position 

of these two circular plates.    Figure 6 is an exploded view of this circular 

probe traverse mechanism.    The waveguide to which the probe antenna is 

coupled is also visible.    Each circular plate has an overlapping rim the under- 

side of which is calibrated in degrees to facilitate adjustment.    The center of 

probe assembly no.   2 is  101. 3 cm from the  slit nearest the source.    This 

distance was made as great as possible, without getting too close to the 

absorbing wedges, so as to make far-field measurements possible. 

In studying the transmission characteristics of slits a great deal can be 

learned from only the amplitude and phase of the far field in the direction of 

incidence.    Nevertheless, it seemed wise to have available probes which 

could be moved so that the symmetry could be checked to insure proper 

operation of the entire system, and so that field patterns could also be obtained. 

Excitation of Parallel-Plate Region 

The diffraction problem under consideration requires a plane wave inci- 

dent upon the leading slit      So far no successful method of exactly meeting 

this requirement has been devised.    The best approximation is usually obtained 

by moving the source as far away as possible      In this case   where the entire 

experiment i6 confined to a small region, it is not possible to get the source 

very far away from the diffracting slits.    Probe no.   2 must be in the far-field 

region so that the slit positions cannot be moved farther away from the source. 
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The source used in this work consists of an open unflanged waveguide 

placed in the center at one end of the parallel-plate system      The open guide 

can be seen in Fig.   4 and is indicated in Fig.   7.    This source is equivalent 

to a vertical-line source a short distance inside the mouth of the guide.    By 

measuring the change in phase of the  signal picked up on probe no.   1 as it was 

moved across the region, it was  found that the apparent source Is   131  cm back 

from the line of motion of the probe.    This means that the apparent line source 

is b cm inside the mouth of the guide and is   10b cm in front of the leading slit 

when the slits are used in their   usual position on the positioning posts . 

When the  single-edge diffracting pattern for plane-wave incidence is being 

studied, corrections can easily be made to the experimental  results if, in fact, 

a cylindrical wave is used in place of the desired plane wave      The correction 

is easy to apply because the scattered field   will be the same for plane-wave 

arr   t ylindrical-wave incidence so long as both have the  same amplitude at the 

diffracting edge.    Since the total field measured is the sum of the scattered 

and incident waves, it is only necessary to determine how the actual incident 

cylindrical wave differs from the desired incident plane wave at the point of 

observation and to make the corresponding   correction to the data.    It would 

be very helpful if such a simple method could be applied to the tandem slit 

problem.    Such a correction seems hopeless    however    because  of the inter- 

action of the  slit edges and the fact that the edges of the second slit will no 

longer fall on the shadow boundary of the edges of the first slit '-hen an inci- 

dent cylindrical wave is used.    For the above   reasons, it  seems necessary to 

limit the  slit width to a small value so that the incident wave will be a good 

representation of a plane wave over the slit itself      Many measurements were 

made for slit widths out to  10 cm   (  5   14 X.) . but on'-y data for  slit "'ldths less 

than   i.5X were  used to obtain transmission <. ueiiic ieiiLs , except  foi   some 

phase information for widths out to Z\ as described later.    The apparent line 

source, as mentioned earlier, is   10b cm in front  of the leading slit, which 

means that for a slit width of  1   5\  the amplitude will not vary more than 

0.014 per cent across the  slit and the phas<   will  not  vary more than    3.4 

degrees. 

There is a compelling reason for using an open guide as the source rath? r 

than a horn or other distributed source .    In the. course of a s*-tt of measure- 
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ments the slit width is varied so that the reflecting surfaces, and hence the 

amount of radiation reflected back toward the source, are also varied.    If 

the source presents a large reflecting cross section, this energy will be 

reflected again and become a par* of the effective incident wave.    These 

multiple reflections, which vary as the slit width is changed, are undesir- 

able for they cause effects which cannot be. separated from the phenomena 

under investigation, unless a more complicated monitoring system is 

adopted.     That thi3 effect is not important when the open guide is used is 

shown by the good agreement which is obtained between the experimental 

results and theory for the single  slit      The  reflected energy which is 

accepted back into the waveguide mouth is large enough to cause serious 

reactions on the klystron oscillator unless the oscillator is well   padded or 

adjusted to a particularly stable operating point. 

Monitoring and Measuring Equipment 

Figure  7 shows a schematic layout of the X-band source, and the 

monitoring and measuring equipment.    An X-21 two-cavity klystron is used 

as the  source of approximately 5 watts of microwave power at a free-space 

wavelength  of 3. 182 cm.    One half of this energy is immediately thrown 

away by use of a T-junction  with a matched load in one arm.     This is done 

to pad the oscillator      The useful signal on the other arm of the T-ji^iction 

is modulated at 1000 rp« by a Luhrs-type  5 faratron ferrite microwave 

switch which is driven by a Hewlett-Packard oscillator model 205 AG.    The 

waveguide is rotated by 90 degrees on the side of the switi h away from the 

klystron      The plane of polarization of the transmitted signal has been 

rotated 90 degrees by the switch.    Two directional couplers follow.    One 

feeds energy into a terminated slotted section from which a phase-reference 

signal can be selected and the other provides a signal  so that the power level 

can be monitored as indicated.     In actual use the section of guide from the 

matched load at the bottom   to the open-end waveguide is all mounted horizon- 

tally directly behind th<- open guide and is made as short as possible.     The X-21 

klystron is stable enough that no frequency monitor :s needed.     When properly 

adjusted the monitored amplitude level shows only a one or two per cent 

variation   when the slit width is varied from 0 to 10 cm, indicating that the 

reaction back of the klystron is not serious. 
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For the purpose of measuring the amplitude of the field the  1000-cps 

signal from one arm of the phase-measuring tee is fed into the input of a 

tuned audio -amplifier      The output of this amplifier is connected to a 

Ballantine vacuum-tube voltmeter.     The crystals are  square-law detectors 

Ir» making phase measurements, the phase of the  signal picked up by the 

probe is compared with the phase of the known, but adjustable,  reference 

signal selected from the terminated slotted guide      The comparison is made 

using the magic   tee bridge with balanced loads and crystals and a bolometer 

amplifier with a VTVM output meter.    The location of the probe in the  slotted 

guide is measured to 0 001 inch by an Ames gauge      For each phase determi- 

nation the position of this reference probe is determined for a minimum 

indication on the vacuum-tube voltmeter      The details of this phase measuring 

system are described in a report by T    Morita    and will not be given here. 

The X-21 klystron exhibited very good frequency s'   oility so that the  require- 

ment of having the  same electrical length in the two paths used for phase 

comparision, did not seem to be important 

Discussion of Results 

Diffraction Patterns 

It was decided that the emphasis of this study would be placed on the 

determination of the amplitude (in the far field directly behind the  slits) and 

the transmission coefficient.    This decision was made because it appeared 

unlikely that a suitable   analytic description could be constructed for the 

general diffraction pattern.     Before this decision was made, however,  several 

field-pattern measurements were taken and are included in this report 

The first-pattern measurements were taken before the  slit system 

described earlier was completed and before the high-power X-21 klystron 

was available      A slit system made of silver foil bent around a rectangle of 

polyfoam was used      It was built in two separate halves so that although the 

tandem separation was fixed (7/8X  in this cass), the slit width could be 

varied by pulling the two halves apart.     A 2K 25 klystron operating at a free- 

space wavelength of 3   185 cm was used as a source of energy.     The  slit 

system was placed with its trailing edge  12 8 cm in front of the probe no    1 

The output of the vacuum-tube voltmeter was  recorded as probe no    1  was 
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moved parallel to the slit system.    The results are shown in Fig.   8.    Meas- 

urements were made for slit widths of 2\ , 3X. , 4\ ,  5X  and 6\ .    There was 

difficulty in precisely aligning the two halves of the  slit system which accounts 

for the slight lack of symmetry in the two sides of the curves.    It was, in fact, 

this difficulty which led to the construction of the slit system described earlier 

using positioning guide posts. 

The curves in Fig.   8 show how complicated the near field patterns may 

become.    It should be borne in mind that these curves are no longer very good 

approximations to the plane-wave incidence case, for with such large slit 

widths the effect of the line source at such a close distance is probably quite 

appreciable.    The difference is, however, probably one of degree rather than 

kind.    In this case as well as in all cases to follow where the  slit separation 

is greater than 0.5 wavelength, absorbing wedges were placed between the 

planes forming the slits back near the edge of the parallel-plate region. 

These absorbers prohibit energy, being propagated between the planes forming 

the slits, from being reflected from the edge of the parallel-plate region and 

hence back into the slit area. 

A few additional pattern measurements were taken after the accurate slit 

system was completed, as a check on their precision.    A slit tandem separation 

of 5. 95 cm (largest available with this slit system) was chosen, and the leading 

edge of the slit system was 25 cm in front of probe no.   1.    Probe no.   2 was 

kept 76.3 cm behind the line of motion of probe no.   1.     Both probes were moved 

parallel to the conducting planes forming the  slits yielding the curves  shown 

in Fig.   9 for various values of slit width.    In this case the square root of the 

VTVM readings are given so that the ordinate is proportional to the field 

strength.     The results from the two probes have not been normalized with 

respect to each other, but all curves for a given probe are normalized with 

respect  to one another.    Here again, these curves are not good approximations 

of what a plane incident wave would yield because of the large  slit widths used. 

The important thing is that a high degree of symmetry is obtained, giving 

assurance that the  slit system is satisfactory.    Probe no.   1 was perhaps a 

little too far away to measure a true near field. 

It is of interest to note how the pattern broadens out as the slit width is 

narrowed down.     This is expected if tue  slit is thought of as the. radiating source 

for the region beyond the  slit system. 
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Transmission Coefficient 

The transmission cross section for an aperture is the ratio of the total 

power transmitted through the aperture to the power per unit area incident 

on the aperture. 

For a plane  wave incident on an aperture in a single conducting plane, 

the transmission cross section is proportional to the imaginary part of the 

radiation-field amplitude in the direction of incidence.       The transmission 

coefficient for the aperture is the transmission cross section divided by the 

area of the aperture.    The same type of analysis applied to the geometry  of 

a single slit shows similar results,    in this case, however, the problem is two- 

dimensional and the cross section should be divided by the slit width, b. rather 

than by the area.    When the second slit is put behind the first slit, the analysis 

becomes much more complicated.    A preliminary analysis indicates that it is 

the total power scattered outside of the region   between the conductors forming 

the slits, which is proportional to the imaginary part of the far field amplitude 

rather than the transmitted power.    However, by analogy to the single-slit 

problem, the term "transmission coefficient" is used in this report to mean 

the imaginary part of the far-field amplitude divided by the slit width. 

The phase measurements are made with respect to an arbitrary reference 

zero point.    When the slits are wide open, the transmission coefficient must 

equal  1, and the amplitude considered as imaginary for the purpose of com- 

puting the transmission coefficient.    There is still some difficulty in experi- 

mentally establishing this reference zero point for the phase measurements 

because the incident wave will no longer be a good approximation of a plane 

wave if the slits are opened very wide.    Moreover   when the slits are open 

wide the delecting probe will no longer be far enough in back of the  slit to 

measure the true radiation field.    Most of this uncertainty can be dispelled 

by observing both the way in which the phase changes as the  slit, for zero 

tandem separation  (single slit)   , is widened   and how the resulting transmission 

coefficients   computed by assuming various zero phase reference points, com- 
4 

pare with the theoretical values. 

Experimentally, it was found that as the slit width was increased. tl»? 

phase smoothly and monotonically increased until a peak was reached at a slit 
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width of approxamately IX..    As the slit width was further increased, the 

phase dropped until at a width of approximately 1.25X., a broad minimum was 

noted with the phase 3.9 degrees below the first peak.    After this, the phase 

slowly  increased until at a width of 2X, a second peak, 3.7 degrees above the 

first peak, was recorded.    The experimental data were plotted in three differ- 

ent ways by assuming in turn that the far-field amplitude was purely imaginary 

at one of the extremes listed above.    It was found that each of these three 

choices, for determining the zero reference phase angle, resulted in experi- 

mental curves that were in reasonable agreement with the theoretical curve, 

but the best fit occurred when the far-field amplitude was taken as imaginary 

for the most extreme slit width used (2X.) . 

There is still some uncertainty in the phase angle, and it is fortunate that 

this factor is not very critical.    The behavior of the trigonometric functions 

is such that a slight error in the zero of the phase angle will have an important 

effect only at small slit widths where, for other reasons, the data were not 

reliable.    Experimentally it was found that reproducible phase measurements 

could not be made for slit widths less than 0.4V, because the amplitude of the 

field was too small. 

The small phase-resonance effect described above for the single slit was 

also found to occur for tandem separations up to 2 cm.    For greater tandem 

separations the phase monotonically changed and seemed to reach a constant 

value at the maximum slit width used.    In all cases the far-field amplitude 

was taken as imaginary at the greatest slit width used. 

The ab>.    ^ procedure for choosing the zero phase, angle is justified by the 

agreement with the theoretical wave for a single slit.    When the experimental 

and theoretical curves for the single slit are compared for large slit widths, 

however, discrepancies begin to appear for slit widths greater than 1.3X.. 

These discrepancies are not of the type than can be corrected by changing the 

zero-phase angle-reference'-point, without causing major discrepancies for 

small slit widths.    For this reason it seems proper to conclude that at these 

large slit widths, the undesirable effects of a cylindrical incident wave and of 

probe no.  2 being too close to the slits are becoming important in determining 

the amplitude of the signal.    Because of this, the final results do not show data 

for slit widths greater than  1 . 4X.. 
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The following procedure was uf.ed in obtaining the remainder of the data. 

First, the desired tandem separation was set by adjusting the circular plates 

carrying the rear slit-positioning posts.    An entire amplitude curve was then 

taken as a function of slit width.    For each value of slit width the monitored 

level was recorded to permit normalization.    Between successive values of 

slit width the top plate of the parallel-plate region was raised just enough to 

remove the pressure from the slit edges so the slit width could be changed. 

All of these operations were done from a single operating position.    Measure 

ments were repeatable to an accuracy of about  3 per cent.    After the amplitude 

measurements were complete   the phasev-reference line was connected and the 

range of slit widths was covered again to obtain the phase measurements.    In 

making the phase measurements, much more care was needed than with the 

amplitude   measurements.    The amplitude of the reference-line signal was 

changed often to keep it nearly at the same level as the signal derived from 

probe no.   I.    This procedure was  repeated for each tandem separation.    Later 

curves were taken by varying the tandem separation while holding the slit con- 

stant.    These latter curves provided a method of normalizing the original 

curves to each other.    Three such independent checks proved to be very con 

eistent. 

The final results are displayed in  Fig.   10, where both the amplitude 

divided by slit width and the transmission coefficients are plotted as functions 

of the slit width for a variety of tandem slit separations. 

The experimental results for the transmission coefficient for zero tandem 
4 

separation  (single slit)  are seen to agree quite well with the Morse -Rubenstein 

computed values.    As the tandem separation increases   the primary peak in the 

transmission coefficient decreases and moves toward larger slit widths.    The 

curve changes quite markedly when the tandem separation goeb from  1.5 cm to 

2.0 cm.    This change may be associated with the fact that at  2.0-cm separation 

the space between the planes forming the slits can now act as a waveguide for 

the H.„ mode.    Similar changes seem to occur at each new tandem separation 
1J 

than can permit the next higher mode to propagate between the conductors form- 

ing the slits.    This change in behavior, which seems to be associated with the 

modes that can be propagated between the conductors   appears in greater relief 

in the amplitude  data.     Large peaks in the amplitude have .leveloped for tandem 
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separations of 1.5 cm, 3.0 cm, and 4.5 cm.    These peaks are greatly reduced 

when the slit separations increase respectively to 2.0 cm, 3.5 cm, and 5.0 cm. 

It would be interesting to investigate this effect in detail to determine how 

sharp the transition is.    It might, be caused by a large amount of energy being 

coupled into the waveguide formed by the slit assembly or it may be that the 

incident wave sees a greatly modified input impedance at the leading slit. 

Acknowledgment 

An attempt to formulate this problem analytically  is being undertaken.   It 

is hoped that this will lead to answers to some of the questions raised above. 

The author acknowledges the valuable help given by R.  V. Row and R.  D. 

Kodis as this work progressed. 



No. 

Additional Reports Issued by Cruft Laboratory 

(under Contract N5ori-76) 

in the Field of Electromagnetic Radiation 

2 D.   D.   King,   "Measured Impedance of Cylindrical Dipoles," 
1946.     J.   Appl.   Phy;;. ,    Oct.   1946. 

b D.   D.   King,   "Impedance Measurements on Transmission 
Lines,"   1946.    Proc.   I.R. E. ,   May  1947. 

8 B.   C.   Dunn,   Jr.   and R.   W.   P.  King,   "Currents Excited on 
a Conducting Plane.   .   .,"   1947.    Proc.   I. R  E. ,   Feb.   1948. 

11 D.   D.   King et al,   "Bolometer Amplifier for Minimum 
Signals,"   1947.    Electronics,   Feb.   1948. 

12 C.   T.   Tai,   "Theory of Coupled Antennas, "   1947.    Part I 
Pruc.   I.R.E.,   April  1948; Part II,   ibid,   Nov.   1948. 

16 Tung Chang,   "Impedance Measurements of Antennas Involving 
Loop and Linear Elements,"    1947. 

18 C.   T.   Tai,   "Propagation of Electromagnetic  Waves from a 
Dissipative Medium to a Perfect Dielectric,"  1947. 

20 R.   W.   P.  King,   "Graphical Representation of the Characteristics 
of Cylindrical Antennas, "   1947. 

ZZ C.   H.   Papas and R.   W.   P.   King,   "Radiation Resistance of 
End-Fire Collinear Arrays, "   1947.     Proc.   I. R. E. ,   July  1948. 

23 R.   W.   P.   King,   "Field of Dipole with Tuned Parasite at 
Constant Power, "   1947.     Proc.   I. R. E. ,   July   1948. 

25 J.   V.   Granger,   "Low-Frequency Aircraft Antennas,"   1947. 

27 C.   H.   Papas and R.   W.   P.   King,   "Surface Currents on a 
Conducting Plane.   ..."    1948.    J.   Appl.   Phys. ,   Sept.   1948. 

28 C.   T.   Tai,   "Reflection and Refraction of a Plane Electro - 
magnetic Wave.   .   .,"  1948. 

32 C.   H.   Papas and R.   King,   "Currents on the Surface of an 
Infinite Cylinder, "      1948.    Quart.   Appl.   Math. ,     Jan.   1949. 



-11- 

35 P.   Conley,   "Impedance Measurements with Open-Wire Lines," 
1948.    J.   Appl.  Phy_s.,   Nov.   1949. 

39 S.   B.   Cohn,   "Theoretical and Experimental Study of a Waveguide 
Filter Structure, "   1948. 

40 C.   T.   Tai,   "Reflection of Plane Electromagnetic  Waves from 
Perfectly Conducting Grounded Half-Cylinder, "  1948. 

41 R.   W.   P.  King,   "Theory of Antennas Driven from a Two-Wire 
Line."  1948.    J.   Appl.   Phys. ,  Sept.   1949. 

42 J.   V.  Granger,   "Note on Broad-Band Impedance Characteristics 
of Folded Dipoles, "   1948. 

43 D.  G.   Wilson and R.   King,   "Measurement of Antenna Impedance 
Using Receiving Antenna,"   1948. 

44 E.   Hallen,   "Properties of Long Antennas,"  1948.   J.   Appl.   Phys. , 
Dec.   1948. 

46 E.   Halle'n,   "Admittance Diagrams for Antennas.   .   .,"   1948. 

47 C.   T.   Tai,   "On the Theory of Biconical Antennas, "   1948. 
J.   Appl.   Phy_s- >  Dec-   1<H8. 

41 K.   Tomiyasu,   "Problems of Measurement on Two-Wire Lines 
with Application to Antenna Impedance,"  1948.    Condensed 
version,   J.   Appl.   Phys. ,   Oct.   1949. 

49 E.   Hallen,   "Traveling Waves and Unsymmetrically Fed Antenna," 
1948. 

50 D.   D.   King,   "Measurement and Interpretation of Antenna Scattering," 
1948. 

52 C.   H.   Papas and R.   King,   "Input Impedance of Wide-Angle Conical 
Antennas,"  1948.     Proc.   I. R. E. ,  Nov.   1949. 

53 D.   K.   Reynolds,   "Surface-Current and Charge Measurements 
on Flat Metal Sheets,"  1948. 

55 C.   T.   Tai,   "Study of the EMF Method, "  194a    J.   Appl.   Phys. , 
July  1949. 

56 T.   W.   Winternitz,   "The Cylindrical Antenna Center-Driven by 
a Two-wire Open Transmission Line,"   1948.    Quart.   Appl. 
•Math. ,   1949. 

58 C.   H.   Papas,   "On the Infinitely Long Cylindrical Antenna,"   1948. 
J.   Appl     Phys. ,   May   1949. 



-111- 

61 C.   H.   Papas,   "Radiation from a Transverse Slot in an Infinite 
Cylinder,"  1948.    J.   Math,   and Phys. ,   Jan.   1950. 

63 J.   V.  Granger and N.   G.   Altman,   "Full-Scale Aircraft Antenna 
Measurements,"   1949. 

66 T.   Morita,   "Measurement of Current and Charge Distributions on 
Cylindrical Antennas,"  1949.     Proc.   I. R. E. , Aug.-  1950. 

67 T.   Morita and C.   E.   Faflick,   "Measurement of Current Distributions 
along Coupled Antennas.   .   . , "  1949. 

69 J.   E.   Storer and R.   King,   "Radiation Resistance of a Two-Wire 
Line,"  1949. 

70 J.   V.  Granger,   "Shunt-Excited Flat-Plate Antennas.   .   . , "  1949. 
Proc.   I.R.E.,   March  1950. 

71 
72 
73 

74 

75 

76 

77 

78 

B. C.   Dunn,   Jr.,   "Microwave Field Measurements," I (with 
R.   King),   II and III,   1949. 

R.   King and K.   Tomiyasu,      Terminal Impedance and Generalized 
Two-Wire Line Theory,"    1949.     Proc.   I. R. E. ,   Oct.   1949. 

C. T.   Tai,   "Application of a Variational Principle to the Study 
of Biconical Antennas, "   1949. 

C.  H.   Papas,   "Radiation from a Circular Diffraction Antenna," 
1949. 

C.   T.   Tai,   "On Radiation and Radiating Systems in the Presence 
of a Dissipative Medium, "   1949. 

J.   V.   Granger and T.   Morita,   "Current Distribution on Aircraft, " 
1949. 

81 K.   Tomiyasu,   "Loading and Coupling Effects of Standing - Wave 
T"\ _».   _*._.._      II     i c\ A r\ 1—I.. _  _ T     i~»      TT* r~* .   .. i r\ .4 n 
UCICLIUJ'S,        I7f),       r i ut. .    i . r\. . £-• .   ,    uci.     1-717. 

83 C.   H.   Papas,   "Diffraction by a Cylindrical Obstacle, "   1949. 
J.   Appl.   Phys. ,   April  19 50. 

84 R.   King,   "Theory   of N Coupled Parallel Antennas,"  1949.   _J.   Appl, 
Phys, ,     Feb.  1950. 

86 K.   Tomiyasu,   "Unbalanced Terminations on a Shielded-Pai r 
Line,"  1949. 

91 R.   King,   "Theory of Collinear Antennas, "   1949. 



-IV- 

9 2 C.  H.   Papas «±nd R.  King.   "Radiation from Wide-Angle 
Conical Antennas.   ..."  1949.    Proc.  I. R.E   ,   Nov.   1949. 

93 R.  King,   "Asymmetrically Driven Antennas and the Sleeve 
Dipole," 1949. 

94 T.  Morita,   E.   O.   Hartig,   and R.  King,   "Measurement of 
Antenna Impedance.   .   .,"   (Supplement to T.   R.   43),    1949. 

95 C.   P.   Hsu,   "Theory of Helical Waveguides and Helical 
Radiators, "  1950. 

96 R.  King,   "Theory of V-Antennas, "  1950. 

98 D.   J.   Angelakos,   "Current and Charge Distributions    n Antennas 
and Open-Wire Lines,"  19 50. 

100 H.   Levine and C.   H.   Papas,   "Theory of the Circular Diffraction 
Antennas, "  19 50. 

101 J.  E.   Storer,   "Variational Solution to the Problem of the 
Symmetrical Cylindrical Antenna,"  1950. 

104 G.   Wheeler,   "Coupled Slot Antennas, " October 25,   1950. 

105 R.  D.  Kodis,   "An Experimental Investigation of Microwave 
DiiXraction, "  19 50. 

107 E.   O.  Hartig,   "Circular Apertures and their Effects on Half- 
Dipole Impedances,"  1950. 

108 E.   O.   Hartig,   "A Study of Coaxial-Line Discontinuities Using 
a Variational Method, "  1950. 

109 E.   O.  Hartig,   "An Experimental and Theoretical Discussion 
of the Circular Diffraction Antenna,"   1950. 

118 R.   King,   "Self- and Mutual Impedances of Parallel Identical 
Antennas, "  1950. 

119 J.  E.   Storer,   "The Impedance of an Antenna over a Large 
Circular Screen, "  1950.   _J.   Appl.   Phys. ,   August  1951. 

121 R.  King,   "Theory of Collinear Antennas,   II,"  1950.   _J.   Appl . 
Phys. ,  December  1950. 

122 J.   Taylor and T.  Morita,   "Antenna Pattern-Measuring Range. 
1951. 

126 J.   E.   Storer,   "The Radiation Pattern of an Antenna over a 
Circular Ground Screen, "  1951. 



128 J.   Taylor,   "The Sleeve Antenna, "    1951. 

129 T.   E.   Roberts,   Jr., "Currents   Induced on an Infinitely Long 
Wire by a Slice Generator, "  19 51. 

150 R.   King,   "A Dipole with a Tuned Parasite:    Theory and Experiment,'' 
1951.     J. I.E.E. ,   January  1952. 

132 P.    King,   "An Improved Theory of the Receiving Antenna, " June   19 51. 

134 T.   E.   Roberts, Jr.,   "Properties of a Single -Wire Line, "   1951. 

138 C.   Huang and R.  D.  Kodis,   "Diffraction by Spheres and Edges 
at  1 . 25 Centimeters, "   1951. 

139 T.   E.   Roberts,   Jr. , "An Expe rim-ntal Investigation of the Single- 
Wire Transmission Line,"  1952. 

141 R.   King,   "Theory of Electrically Short Transmitting and Receiving 
Antennas, "   19 52. 

146 C.   Moritz,   "The Coupled F.eceiving Antenna,   I.,"   1952. 

147 C.   Moritz,   "The Coupled Receiving Antenna    II.,"   1952. 

148 C.   H.   Papas and D.   B.   Brick,   "Radiation of the Boss Antenna,"   1952. 

149 J.   Sevick and J.   E.   Storer,   "A General Theory of Plane-Wave 
Scattering from Finite Conducting Obstacles with Application to 
the Two-Antenna Problem, "   1952. 

150 J.   Sevick,   "Experimental and Theoretical Results on the Back-Scattering 
Cross Section of Coupled Antennas, "   1952 

151 J.   Sevick,   "An Experimental Method of Measuring Back-Scattering 
Cross Sections of Coupled Antennas,"   1952. 

132 J.   E.   Storer,   "Wave Propagation in a Two-Dimensional Periodic 
Medium, "  19 52. 

1 5} R.   V.   Row,   "Microwave Diffraction Measurements in a Parallel- 
Plate Region, "   1952. 

154 R.   King,   "An Alternative Method of Solving Hallen's Integral 
Equation and its Application to Aniennas near Resonance, "   1952. 

155 P.   A.   Kennedy and R.   King,   "Experimental and Theoretical 
Impedances and Admittances of Center-Driven Antennas," 
April  1953. 

159 L.   S.   Sheingold,   "The Susceptance of a Circular Obstacle to <u\ 
Incident Dominant  Circular-Elecrric  Wave."  1952. 



-VI- 

160 J.  E.   Storer,  L.  S.  Sheingold,  and S.   Stein,   "A Simple Graphical 
Analysis of Waveguide Junctions," 1952. 

161 R.  D.   Turner,   "Scattering of Plane Electromagnetic Radiation 
by an Infinite Cylindrical Mirror, " May 15,   1953. 

162 T.   Morita and L.   S.   Sheingold,   "A Coaxial Magic-T, "    1952. 

163 C.  Huang,   "On the Diffraction of Electromagnetic Waves by 
Annular,   Elliptical and Rectangular Apertures,"   May 1953. 

170        R.  V.  Row,   "Electromagnetic Scattering from Two Parallel 
Conducting Circular Cylinders,"   May  1,   1953. 

172 D.   B.   Brick,   "The Radiation of a Hertzian Dipc'e over a Coated 
Conductor,"   May 10,   1950. 

173 R.   Turner and A.   F.   Downey,   "A Tabulation of the Fresnel Integrals. " 
March 15,   1953. 

174 R.  King,   "End-Correction for Coaxial Line When Driving an Antenna 
over a Ground Screen. "    June  15,   1953. 

180 J.   E.   Storer,   'Modification of Standard Network Synthesis Techniques 
to Use Lossy Elements,"    June 20,   1953. 



Antennas 

91 §. I3-J3JLZ.1 '^.N 

Office  of Naval Research   {42.7) 
Navy Department 
Washington 25,   D    C 

Office of Naval Research (460) 
Navy Department 
Washington,   25,   D.   C. 

Chief,   Bureau of Ordnance (Re4f) 
Navy Department 
Washington 25,   D.   C. 

Chief,   Bureau of Ships (810) 
Navy Department 
Washington 25,   D.   C. 

Chief,   Bureau of Ships (833) 
Navy Department 
Washington  25,   D.   C. 

Chief,   Bureau of Aeronautics (EL-51) 
Navy Department 
Washington 25,   D.   C. 

Chief of Naval Operations (Op-413) 
Navy Department 
Washington 25,   D    C. 

Chief of Naval Operations (Op-20) 
Navy Department 
Washington  25,   D.   C. 

Chief of Naval Operations (Op- 32) 
Navy Department 
Washington 2 5,   D.   C. 

Naval Research Laboratory (2027) 
Bellevue 
D.   C. 

Naval Research  Laboratory  (20 20) 
Bellevue 
D.   C 

Naval Researcn Laboratory (3480) 
Bellevue 
D.   L 

Naval  Ordnance  Laboratory 
White  Oak 
Ma ryland 



Antennas -2- 

D I_S_T Ri 5J?JLi9J!i 
2 U. S. Naval Electronics Laboratory 

San Diego 52 
California 

1 Naval Air Development Center (AAEL) 
Johns ville 
Pennsylvania 

1 U.S.  Navy Underwater Sound Laboratory 
New London 
Connecticut 

U.   S.  Navy Office of Naval Research 
Branch Offices: 

2 Boston 
1 New York 
1 Chicago 
1 San Francisco 
1 Pasadena 

3 U.S.  Navy Office of Naval Research 
U.S.  Navy 100, Fleet Post Office 
New York, N.   Y. 

1 Librarian 
U.S.  Naval Post Graduate School 
Monterey, California 

1 U. S.  Coast Guard (EEE) 
1300 E Street, N.  W. 
Washington, D.  C. 

1 Research and Development Board 
Pentagon Building 
tir _   _ i. !   .  _t _   .       i-\        /-* 
ndOIUIlglUH,   U .     KJ . 

1 National Bureau of Standards 
Department of Commerce 
Washington, D.  C. 
Attention:    Dr. N . Smith 

1 Naval Ordnance Development Unit 
Johns Hopkins University 
Radiation La Moratory 
Homewood Campus 
Baltimore  18, Maryland 
Attention:    Dr.   C.  R.   Larkin 



Antennas - 3 - 

1 Applied Physic6 Laboratory 
John3 Hopkins University 
8621 Georgia Avenue 
Silver Spring,   Maryland 

Library of Congress 
Navy Research Section 
Washington,  D.   C. 

Massachusetts Institute of Technology 
Research Laboratory of Electronics 
Cambridge 39,   Massachusetts 
Attention:    Professor L.   J.   Chu 

Stanford University 
Stanford,   California 
Attention:    Professor K.   Spangenberg 

University of Illinois 
Urbana,  Illinois 
Attention:    Professor E.   C.   Jordan 

Ohio State University 
Columbus,   Ohio 
Attention:    Dr.   V.   H.   Rumsey 

Cornell University 
Ithaca,   New York 
Attention:    Professor C.  R.   Burrows 

University of California 
Berkeley,   California 
Attention:    Electrical Engineering Department 

Oregon State College 
Corvallis,   Oregon 
Attention:    Professor J.   J.   Brady 

University of Texas 
Austin,   Texas 
Attention:    Electrical Engineering Department 

Librarian 
National Bureau of Standards 
Washington 25,   D.   C. 

Librarian 
Radio Corporation of America 
RCA Laboratories 
Princeton,   New Jersey 



Antennas •4- 

PIS T RIBUTIQN 
Exchange and Gift Division 
Library of Congress 
Washington 25,   D.   C. 
Attn:    Exchange Division 

American and British 

Ballistic Research Laboratories 
White Sands Proving Ground 
Las CruceS;   New Mexico 

Professor Morris Kline 
Mathematics Research Group 
New York University 
4 5 Astor Place 
New York,   N.   Y. 

Technical Library 
Bell Telephone Laboratories 
Murray Hill Laboratory 
Murray Hill,   New Jersey 

Technical Library 
Federal Telecommunications Laboratories Inc. 
500 Washington Avenue 
Nutley  10,   New Jersey 

Library 
Philco Corporation 
Philadelphia 34,   x _.msylvania 

Library of the College of Engineering 
University Heights Library 
New York University 
New York  53,  N.   Y. 

Library 

National Bureau of Standards 
Washington Z5,   D.   C. 

Dr.   JohnV.   N.  Granger 
Stanford Research Institute 
Stanford,   California 

Document and Research 
Raytheon Manufacturing Company 
Equipment Engineering Division 
Newton 53,   Massachusetts 



Antennas 

21STRIBUT I_0 N 

1 Dr.  A.   G.  Hill 
Lincoln Laboratory 
Massachusetts Institute of Technology 
Cambridge  38, Massachusetts 

1 Professor H.  G.  Booker 
Department of Electrical Engineering 
Cornell University 
Ithaca, New York 

50 Signal Corps, Transportation Officer 
Asbury Park 
New Jersey 

50 Chief, Administration Section 
Electronic s Research Division 
Air Force Cambridge Research Center 
Cambridge, Massachusetts 

1 Signal Corps Liaison Office 
Massachusetts Institute of Technology 
Attention:    Mr.  R.  E.   Campbell 

1 Document Room 
Research Laboratory of Electronics 
Massachusetts Institute of Technology 
Attention:    Mr.   Hewitt 

1 Library 
Watson Laboratories, AMC 
Red Bank, New Jersey 
(ENAGS1) 


	0005
	0006
	0007
	0008
	0009
	0010
	0011
	0012
	0013
	0014
	0015
	0016
	0017
	0018
	0019
	0020
	0021
	0022
	0023
	0024
	0025
	0026
	0027
	0028
	0029
	0030
	0031
	0032
	0033
	0034
	0035
	0036
	0037
	0038
	0039
	0040
	0041



